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Abstract The synthesis of nanoparticles silica oxide from
rice husk, sugar cane bagasse and coffee husk, by
employing vermicompost with annelids (Eisenia foetida)i s
reported. The product (humus) is calcinated and extracted
to recover the crystalline nanoparticles. X-ray diffraction
(XRD), transmission electron microscopy (TEM), high-
resolution transmission electron microscopy (HRTEM) and
dynamic light scattering (DLS) show that the biotransfor-
mation allows creating speciﬁc crystalline phases, since
equivalent particles synthesized without biotransformation
are bigger and with different crystalline structure.
Keywords Silica nanoparticles  Worms 
Agricultural waste  Bioprocessing
Introduction
Agro-industrial wastes have recently attracted a great deal
of attention as potential sources of novel green alternatives
such as biotransformation for fuels and other materials.
Many of these wastes contain amorphous silica that can be
transformed into crystalline nanoparticles of industrial
interest.
Silicon is the most common element of the Earth’s
surface after oxygen; this element is released into the soil
by chemical and biological processes [1]. Industrially
speaking, silicon is the basis of semiconductors, glasses,
ceramics, plastics, elastomers, resins, mesoporous molec-
ular sieves and catalysts, optical ﬁbers and coatings, insu-
lators, moisture shields, photoluminescent polymers, ﬁllers,
cosmetics and biomedical devices [2, 3], among many
other applications. The manufacture of these materials
typically requires high temperatures, high pressure and/or
the use of caustic chemicals [4]. In contrast, in nature,
silica architectures with delicate morphologies are gener-
ated under ambient conditions [5]. Unicellular organisms,
such as diatoms, use structuring and templating biomole-
cules to produce silica shells that not only contain hierar-
chically ordered porous structures, with dimensions
ranging from the nanometer to the micrometer domain, but
also possess remarkable mechanical and structural prop-
erties [6–8]. Other approach involves the use Fosuarium
oxysporum, a plant pathogenic fungus for the biotransfor-
mation of naturally occurring amorphous plant bio-silica
into quasi-spherical crystalline silica nanoparticles and its
extracellular leaching in the aqueous environment at room
temperature [9]. An analysis suggested that extreme ther-
mophilic bacteria within the genera thermus and hydroge-
nobacter are predominant components among the
indigenous microbial community in siliceous deposits.
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formation of huge siliceous deposits [10].
In general, the biosiliﬁcation products are commonly
composed of amorphous silica (opal-A, opal-CT and opal-
C), and other crystal arrays such as cristobalite, trydimite
and quartz. In particular, amorphous silica is a dominant
component in marine surface sediment most of which is
considered to be generated by the activity of living
organism [3, 11]. Many scientists not only investigate the
process underlying their formation, but also aim to mimic
these processes in order to obtain better control over the
structure and morphology of chemically produced silica
[12–14]. The natural silica production receives increasing
attention, since it holds the key to the formation of silica
morphologies with a dedicated organization of hierarchi-
cally structure elements and the ability to synthesize such
silica under ambient conditions [15]. There exist many
studies in silica bio-mineralization of simple aquatic life
forms, including unicellular organisms like diatoms,
radiolaria and sinurophytes as multicellular sponges
[16–19]. In the soil, silica plays a major role in higher plants
[20]. Many plants sequester silica in biogenic phytoliths and
soils can accumulate signiﬁcant quantities of biogenic opal-
A[ 21]. The silica absorbed for terrestrial plants is around a
fraction of 1% of the dry matter to several percent, and in
some plants to10%oreven higher[22].Itisobserved thatin
some grammineae as rice (Oryza sativa), silica constitutes
20–22% of its total production in the rice husk form [23].
Sugarcanebagassecontainsaround5.08to7.08%ofsilicain
dry matter basis [24], and coffee husk contains around 1 to
3% of silica in dry matter basis [25].
It is important to mention that the mechanical strength of
plants resides greatly on the cell wall, enabling them to
achieve and maintain erect habit conductive to light inter-
ception. There exist a relation in plants stress and the
increased rigidity of cell walls of plants grown with ample
available silica [26, 27]. When plants die, the silica is rein-
corporated into the soil where microorganisms play an
importantroleinthedegradationoforganicmatterandinthe
releaseofmineralsnutrients[28,29],otherimportantsource
that raises mineralization rate is earthworms producing
biohumus. Humus contains principally carbon, oxygen,
hydrogen and minor proportion of other minerals. These
elements vary within the humic material in order to deﬁne
chemical characteristics of the original basis. There exists a
symbiotic interaction between earthworms and microor-
ganisms that breakdown and fragment the organic matter
progressively, ﬁnally incorporating it into water-stable
aggregates. The mineral nutrients in earthworm casts and
lining earthworm burrows are in a form readily available to
plants. There is evidence that interactions between earth-
worms and microorganisms not only provide these available
nutrients, but stimulate plant growth indirectly in others
ways [30]. The digestive system of earthworms consists of a
pharynx, esophagus and gizzard (zone reception) followed
by an anterior intestine that secrets enzymes and a posterior
intestine that absorb nutrients. During progress through this
digestive system, there is a dramatic increase in numbers of
microorganism of up to 1,000 times. The digestive systems
of earthworms from different species, genera and families
differindetail,buttheirgustshaveacommonbasicstructure.
In different species earthworms Eisenia foetida is peculiar
for its degradation rate [28]. Most studies of digestive
enzymes in earthworms have been limited to the lumbricids.
Protease, lipase, amylase, lichenase, cellulose and chitinase
activities also have been described [31]. A wide range of
microorganisms, including bacteria, algae, protozoa, acti-
nomycetes, fungi and even nematodes, are found commonly
throughout the length of the earthworms gut. The species of
microbes in the gut are usually very similar to those in the
surrounding soil or organic matter upon which the earth-
wormsfeed[32–34].Eiseniafoetidaisconsideredamachine
to produce humus in conditions environmental control and
the microorganism can live in it in anoxic effect raising
productivityinthematerialexpel.Thebiologicalmechanism
toearthwormstransforms organicmatter and even so carries
out biosiliﬁcation even is uncertain. Understanding the
mechanism of silica nanofabrication in other organisms is
supported by a precursor namely biosilica monosilicic acid
Si(OH)4 [35, 36]. Proteins have been isolated from diatoms,
sponges and grasses that are proposed to be responsible for
biosiliﬁcation and have been sequenced and some of the key
aminoacidsidentiﬁed.Otherauthorshavestudiedtheroleof
homopolymers of various amino acids that are key constit-
uents of the proteins lysine, histidine, arginine, cysteine,
proline and serine in the process biosiliﬁcation [37]. This
biopolymer acts as gelating agents of silica oligomers in
silicic acid and as ﬂocculation agents in silica sols [38, 39].
Otherresearcheshavebeenfocusedtowardthedevelopment
of efﬁcient and innovative fabrication methods to obtain
inorganic materials using microorganisms from potential
cheap agro-industrial waste materials and could lead to an
energy-conserving and economically viable green approach
toward the large-scale synthesis of oxide nanomaterials [9].
Thus, we develop a novel process for synthesis of diverse
nanometric materials with speciﬁc crystal arrays as precur-
sors to agro-industrial wastes employing annelids, an
approach not used before, that permit to rise natural sources
dedicated to production particles’ mean biosiliﬁcation.
Experimental
Three sources derived from agro-industrial activity were
used: rice husk, coffee husk and sugarcane bagasse. These
by-products were added to vermicompost separately. The
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123annelid specimen used was Eisenia foetida. The environ-
mental conditions ideal to the reproduction and control of
these specimens were set up: temperature at 20C, moisture
around 60–85%, aeration conditions and darkness. The
stabilization time was around 1 month and the humus
obtained was dried in a room at a temperature between 30
and 40C. Then, the humus was sieved to size 0.5 mm
approximately. Next, the sample was calcinated to elimi-
nate the organic matter. Three temperature levels were
used: 500, 600 and 700C for each agro-industrial waste by
19 h. Calcinations were carried out in a mufﬂe Lindberg/
Eurotherm model 847 with energy consumption of
0.17 kcal/h cm
3, considering that the average density of the
nanoparticles is around 0.1380 g/cm
3, the consumed
energy in the calcinations is approximately 1.2318 kcal/h
by each gram of recuperated SiO2 particles. This energy
could be considered low in comparison with other con-
ventional process where fumed silica is manufactured with
a consumed energy of until 15.48 kcal/h by each gram of
SiO2 particles [40]. Thus, the samples were tried with nitric
and hydrochloric acids (volume ratio 3:1). For each gram
of calcinated sample, 4 ml of acid mix was added in order
to eliminate impurities (calcium, potassium, magnesium,
manganese, iron, boron and phosphorous). Acid treatment
was achieved at 40C by 4 h with constant stirring. Then,
samples were ﬁltrated and washed with distilled water to
neutralize them. Solids obtained were dried at room tem-
perature. All reagents employed were provided by Sigma–
Aldrich.
Also, as a reference, SiO2 was obtained from the agro-
industrial wastes without employing vermicompost bio-
process. The extraction process to recuperate SiO2 is the
same as described previously using calcination and acid
treatment. In addition, commercial synthetic SiO2 Aerosil

130 provided by Degussa AG was employed to compare
size and structure with SiO2 nanoparticles produced in this
research. Aerosil
 130 particles are amorphous SiO2
nanoparticles produced by high-temperature hydrolysis of
silicon tetrachloride in an oxygen gas ﬂame [41]. Also, this
research compares the particle features based on biotrans-
formation process with those synthesized using chemical
process.
SiO2 powders were characterized by employing a Fou-
rier transform infrared spectrophotometer (FTIR) Bruker
Vector 33 using KBr powders. Transmission electron
microscopy (TEM) was realized using a JEOL TEM-1010
transmission electron microscope, and high-resolution
transmission electron microscopy (HRTEM) was realized
in a Tecnai G2 T20 Microscope. Average particle size was
determined for dynamic light scattering (DLS) using a
Brookhaven model BI200SM with laser He–Ne of 35 mW
model 9167 EB-1 Melles-Griot. Elemental analysis was
carried out using energy dispersion spectroscopy (EDS)
mean software Oxford Inca X–Sight. EDS is adapted in
equipment JEOL JSM-6060 LV Scanning Electron
Microscope. X-ray diffraction (XRD) was realized in a
diffractometer Rigaku, model MiniFlex, with a wavelength
from 1.54 A ˚ corresponding ka cupper radiations. Crystal-
line structures present in the samples were analyzed with
Materials Data Jade software of MDI Materials Data.
Results and Discussion
Figure 1 shows the FTIR spectroscopy analysis to the
samples obtained from the agro-industrial wastes: rice
husk, coffee husk and sugarcane bagasse after vermicom-
post bioprocess, calcinations and extraction process. The
spectra present three important bands that allow identifying
the SiO2. At 1,080 cm
-1, a band corresponds to stretch-
ing antisymmetric mode of Si–O–Si group. Around
800–810 cm
-1, bending vibration mode is detected. This
peak corresponds to Si–O group. Also, the peak observed at
500 cm
-1 corresponds to rocking mode of the Si–O group.
At 3,500 and 1,640 cm
-1 are observed stretching vibration
mode of O–H and twisting vibration mode of H–O–H,
respectively. The peaks formed at different temperatures of
calcination (500, 600 and 700C) do not show important
differences in the infrared analysis. The FTIR results sug-
gest that carbon from the organic matter is removed. Thus,
silica is released, and then the suboxides found after cal-
cinations are separated correctly. In addition, the SiO2
typical bands represent strong evidence of the efﬁciency in
the synthesis process based on biotransformation with
annelids. Also, the bands corresponding to O–H vibration
mode and H–O–H twisting vibration mode indicate that
particles synthesized remain hydrated. As can be observed
in Fig. 1, commercial sample Aerosil
 130 shows the same
three bands corresponding to SiO2. However, the peaks at
3,500 and 1,640 cm
-1 are weaker than the peaks belonging
to the samples synthesized using vermicompost. The latter
allows to assume that nanoparticles obtained by vermi-
compost are further hydrated than Aerosil
130 particles.
This could be important for developing hybrid materials,
inasmuch as these types of materials use silanol groups to
attach organic moieties to inorganic Si [42–45].
Figures 2 a–f show TEM images for the SiO2 particles
obtained using the synthesis by vermicompost. The mor-
phology and structure of these particles is not completely
spherical. In addition, several particle clusters are observed
in these images. This agglomerates show different shapes
of nanometric size. Figure 2 g–h shows SiO2 particles
obtained from the agro-industrial wastes without biotrans-
formation. In these pictures are observed elliptical particles
with different diameter and a relatively bigger size than
particles analyzed in the Fig. 2 a–f. This reveals that
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SiO2 particles. We suggest that this size reduction is
induced in earthworm gut with the contribution from sev-
eral microorganisms. Figure 3 a–b shows HRTEM images
of SiO2 particles obtained through bioprocess. In these
images, it is possible appreciate the SiO2 particles in an
atomic scale. Nanometric size and crystal structure are
observed in these images. Thus, it is shown that these
particles present as well a crystalline structure contrary to
amorphous synthetic SiO2. In addition, the Fig. 3 shows the
diffraction patterns and Miller index corresponding with
these structures in a selected area (A). Figures show the
nanoparticles obtained from the precursors that contain a
higher content of SiO2, such as rice husk (Fig. 3a) and
sugarcane bagasse (Fig. 3b). The indexation of nanoparti-
cles obtained from rice husk shows SiO2 with crystal
arrangement related to a hexagonal quartz with the next
lattice parameters: 0.340 nm (1-1 0 0), 0.243 nm (1 1-2
0) and 0.198 nm (2 0-2 0). In the case of nanoparticles
obtained from sugarcane bagasse, SiO2 posses a tetragonal
arrangement with the next lattice parameters: 0.200 nm (2
0 0), 0.199 nm (0 2 0) and 0.142 nm (2 2 0). In accord with
these results, it is possible to suppose an important con-
tribution of the vermicompost bioprocess in order to give
crystalline phases in SiO2 nanoparticles.
In order to conﬁrm the TEM and HRTEM results, par-
ticle size was analyzed employing dynamic light scattering
(DLS). The results obtained by this technique are sum-
marized in Table 1. The mean diameter of particles
synthesized employing bioprocess is around 81 nm and do
not show polydispersity. In contrast, the mean diameter of
particles synthesized without using bioprocess is between
152 and 254 nm with low polydispersity. This is in
agreement with TEM and HRTEM images and conﬁrms
the contribution of bioprocess in particle size reduction to
achieve a nanometric range. It is important to emphasize
the presence of agglomerates in the particles obtained
without biotransformation, which are not observed in the
particles obtained by employing bioprocess. Thus, as well
as the bioprocess contribution to particle size reduction
also provides speciﬁc arrangement to the particles. It is
suggested that this effect is produced by the microorgan-
isms which are part of metabolism in the earthworm. The
size and morphology of particle in the biosiliﬁcation pro-
cess are related with the concentration of inorganic phos-
phate and polyamines, both compounds play an important
role in order to catalyze the polycondensation of silanol
groups [46]. In vermicompost, the concentrations of these
compounds vary with the microbial population. Thus, it is
supposed that the size and morphology of SiO2 nanopar-
ticles could be changed in this kind of bioprocess.
Table 2 shows the elemental analysis for SiO2 particles
synthesized by bioprocess; a signiﬁcant amount of silicon
and oxygen weight percent is observed in all samples
obtained with the precursors employed: 41.62% Si and
52.90% O for particles obtained from rice husk; 23.37% Si
and 42.37% O in particles synthesized from sugarcane
bagasse and 41.68% Si and 55.39% O to particles extracted
from coffee husk. Also, in the composition are observed
other elements with lower percent than silica and oxygen,
such as sodium, magnesium, aluminum, potassium and
calcium. These elements are typical in the biomineraliza-
tion process and take part in the crystalline phases growing
that are produced with this biological mechanism.
Figure 4 shows the diffractrograms generated from
the particles obtained using the three precursors: rice husk
(a–b), sugar cane bagasse (c–d) and coffee husk (e–f).
Crystalline nanoparticles are obtained using two different
calcination temperatures: 500C (a, c and e) and 700C (b,
d and f). Figure 4a shows the diffractrogram corresponding
to particles obtained from rice husk at 500C. In this ﬁgure,
it is observed an amorphous structure when the bioprocess
is not used during the synthesis. In contrast, crystalline
phases are found when the bioprocess is employed. In this
diffractrogram, it is possible to identify typical peaks cor-
responding to diffraction planes from quartz and other
polymorphic structures of SiO2, such as trydimite. Also,
erionite and albite diffraction planes corresponding to
aluminum silicate groups are found. These results support
the proposal that biomineralization mechanism is achieved
through earthworms contributing in the atomic arrange-
ment and modifying the original structure toward speciﬁc
Fig. 1 IR bands to synthesis of nanoparticles SiO2 obtained for
vermicompost. The Figure show the bands more representatives to
SiO2 to in rice husk, sugarcane bagasse and coffee husk at
temperature of calcination: 500, 600 and 700C. Representative
bands for Aerosil
 130 too are shown
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123Fig. 2 TEM images to
synthesis of SiO2 obtained with
bioprocess (a–f) and without
bioprocess (g–h). Figure 2
shows differences in size, form
and dispersity to nanoparticles
synthesized for both methods
employed, with bioprocess (a–f)
and without bioprocess (g–h)
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corresponding to particles obtained from rice husk at
700C. In spite of the high temperature, even amorphous
structure is observed when bioprocess is not used and only
one diffraction plane corresponding at low quartz is shown.
This crystal is formed probably by temperature effect. In
the same Fig. (4b), it is shown the diffractrogram corre-
sponding to the samples treated with bioprocess at 700C.
In this ﬁgure, the crystalline structure is related to low
quartz, trydimite and albite.
Figure 4c and d show the diffractrograms corresponding
to particles obtained from sugarcane bagasse. Crystalline
phases are present in both procedures (with and without
bioprocess). However, some diffraction planes are not the
same in both processes. This allows to assume that the
calcination temperature and earthworm metabolism play an
important role to generate different crystalline phases that
involve not only silicon and oxygen atoms, but other ele-
ments take part, as well. In Fig. 4c and d, by comparing the
diffractrograms (samples obtained without bioprocess at
500 and 700C), it is possible to observe that the same
crystalline phases are found: quartz (different crystallo-
graphic planes) and trydimite. However, the diffractro-
grams corresponding to samples obtained via bioprocess
show different crystalline phases, such as: zinc phosphate,
aluminum phosphate at 500C and albite in 700C.
It is important to mention that silica shows several
polyphorms depending on temperature and pressure. Thus,
although bioprocess conditions employed to obtain SiO2
particles are favorable to inducing a hexagonal quartz
(corroborated by X-ray diffraction), it is possible to ﬁnd
others metastable polyphorms such as tetragonal arrange-
ment (268–1,470C). This structure belongs to b crysto-
balite [3]. Therefore, some SiO2 nanoparticles obtained
from sugarcane bagasse can be found with transitions of
hexagonal to tetragonal phase. Thus, tetragonal arrange-
ment does not appear in X-ray diffraction; however, in
some nanoparticles characterized by HRTEM (Fig. 3b) it is
identiﬁed.
Diffractrograms corresponding to particles obtained
from coffee husk are shown in Fig. 4e and f. Signiﬁcant
changes in both processes (using bioprocess and without
employing bioprocess), which are produced by temperature
and metabolism in earthworms, are observed. At 500C, by
employing bioprocess, the diffraction peaks detected are
related to quartz, trydimite, sanidine and magnesium nickel
hydride, meanwhile without bioprocesses diffraction peaks
appear, corresponding to trydimite, gypsum and calcium
aluminim oxide hydrate. At 700C, by employing bio-
process, quartz, aluminim phosphate and caminite are
found, meanwhile without bioprocess appears: calcium
aluminim oxide hydrate, trikalsilite and quartz.
Fig. 3 HRTEM images and indexation of SiO2 nanoparticles
obtained by bioprocess: a nanoparticles obtained from rice husk b
nanoparticles obtained from sugarcane bagasse
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precursor type and calcination temperature employed.
Crystallization degree is obtained for both: particles
obtained via bioprocess and particles synthesized without
using bioprocess. These values are calculated by consid-
ering mean low curve area in the peaks from XRD. It is
observed that, for rice husk, the effect in the temperature is
not enough as to transform the amorphous phase. However,
the metabolic effect in earthworms increases the crystalline
phase up to 28.47% (500C) and 16.69%(700C). In sug-
arcane bagasse, the effect is the opposite, the crystalline
phase is low for the samples obtained via bioprocess and
crystallinity percent increases for particles obtained with-
out bioprocess. In addition, diffractrograms obtained from
sugarcane bagasse show that some crystalline phases do not
correspond to SiO2, such as zinc phosphate and aluminim
phosphate; however, when the bioprocess is not used,
particles show a considerable number of SiO2 polymorphs.
This suggests that most of the oxygen needed to form SiO2
may be consumed by the earthworms during their meta-
bolic process. This assumption is in agreement with EDS
analysis, inasmuch as EDS results for particles obtained
from sugar baggasse show lower percent of oxygen than
particles synthesized from rice husk and coffee husk. With
respect to the crystallization percent in the particles
obtained from coffee husk, there is not a clear tendency.
For the samples obtained using bioprocess at 500C, the
crystallization percent is lower than that of samples syn-
thesized without bioprocess. Probably, bioprocessing con-
tributes to provide certain array in the nanoparticles,
depending on organic matter, oxygen and other inorganic
compounds present in the precursors. This would conﬁrm
that temperature is not the most important factor for the
crystallinity in these kinds of nanoparticles.
Conclusion
The microbial population in annelids is very important to
achieve the biotransformation of the amorphous silica
naturally present in the analyzed agro-industrial wastes.
Characteristics of the organic matter exposed to a broad
variety of microorganisms, as well as the method employed
for the fragmentation and minerals release, represent key
factors to understand the biocrystallization. Our results
reveal a novel synthesis method to obtain SiO2 crystalline
Table 1 Diameter mean using DLS to particles SiO2 synthesized with bioprocess and without bioprocess
Sample With bioprocess Without bioprocess
Diameter mean (nm) Variance relative Diameter mean (nm) Variance relative
Rice husk 81.1 0.018 233.4 0.025
Sugarcane bagasse 81.1 0.041 185.1 0.000
Coffee husk 81.8 0.014 152.6 0.036
Aerosil
 130 – – 75.8 0.000
Table 1 shows variations in mean diameter in nm and variance relative to particles SiO2 synthesized since precursors: rice husk, sugarcane
bagasse and coffee husk with bioprocess and without bioprocess. A comparative with Aerosil
 130 too is presented
Table 2 EDS to particles SiO2 synthesized with bioprocess and without bioprocess
Rice husk Sugarcane bagasse Coffee husk
Element % weight % Atomic Element % weight % Atomic Element % weight % Atomic
O K 52.90 66.82 C K 31.35 42.02 O K 55.39 68.88
Na K 0.350 0.310 O K 42.37 42.91 Na K 0.540 0.470
Mg K 0.790 0.650 Na K 0.410 0.290 Al K 0.510 0.380
Al K 1.030 0.770 Al K 1.140 0.690 Si K 41.68 29.52
Si K 41.62 29.95 Si K 23.37 13.48 K K 0.900 0.460
K K 1.390 0.720 K K 0.680 0.280 Ca K 0.330 0.160
Ca K 0.450 0.250 Ca K 0.610 0.250 Mo L 0.650 0.130
Ti K 0.350 0.150 Fe K 0.280 0.080
Fe K 1.120 0.410
Total 100.0 Total 100.0 Total 100.0
Table 2 shows EDS analysis in percent weight and percent atomic to nanoparticles SiO2 employing bioprocess in rice husk, sugarcane bagasse
and coffee husk
1414 Nanoscale Res Lett (2010) 5:1408–1417
123Fig. 4 X-ray diffraction to synthesis of nanoparticles SiO2 obtained
with bioprocess and without bioprocess using as precursors: rice husk
(a–b) sugarcane bagasse (c–d) and coffee husk (e–f) to two
temperatures of calcinations: 500 and 700C. It shows a change in
the crystallinity of the nanoparticles synthesized, since the different
precursors used and varying the temperature of calcination and
employing or not employing the bioprocess
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employing agro-industrial wastes. The approach represents
an inexpensive and relatively eco-friendly technology in
comparison with standard chemical methods. By taking into
account the biological aspects of the production of SiO2
nanoparticles with speciﬁc crystal arrangement using
annelids allows to extend the number of living organism
dedicate to biosiliﬁcation, in addition to open an interesting
ﬁeld toward the knowledge of new annelid bioprocesses
with a primitive metabolism, as potential alternative natural
nanotechnology bioprocesses to synthesize nanoparticles
and nanostructures, for the particles obtained through bio-
transformation by annelids show similar characteristics than
synthetic SiO2 Aerosil
130 such as size, composition and
polydispersity. While syntheticparticles possess amorphous
structure the particles synthesized using vermicompost
present different disables characteristics such as crystalline
(different polymorphism) and nanometric dimension.
Acknowledgments TheauthorsaregratefultoMs.MariadeLourdes
Palma for her assistance in TEM, to Dr. Genoveva Herna ´ndez-Padron
for her assistance in IR analysis, to Dr. Eric Rivera for his assistance in
XRD, to CINVESTAV Quere ´taro, particularly to Dr. S. Jimenez and
Mr. F Rodriguez for their assistance in some measurements and to
DGEST and Consejo Nacional de Ciencia y Tecnologia (CONACyT),
Mexico, for the economical support through the projects P333-05 and
JI-58232,respectively.FinancialsupportfromtheNationalCouncilfor
Science and Technology of Mexico (CONACYT) (PhD Scholarship to
A.E.-G.) is gratefully acknowledged.
Open Access This article is distributed under the terms of the
Creative Commons Attribution Noncommercial License which per-
mits any noncommercial use, distribution, and reproduction in any
medium, provided the original author(s) and source are credited.
References
1. A. Alexandre, J.-D. Meunier, F. Colin, J.-M. Koud, Plant impact
on the biogeochemical cycle of silicon and related weathering
processes. Geochim. Cosmochim. Acta 61, 677–682 (1997)
2. E.D. Morse, Silicon biotechnology: harnessing biological silica
production to construct new materials. Els. Sci. Trends Biotech.
17, 230–232 (1999)
3. R.K. Iler, The Chemistry of Silica (John Wiley & Sons, New
York, 1979)
4. P. Ball. Made to Measure: New Materials for the 21st Century.
(Princenton University Press, Princenton, NJ. USA, 1999)
5. E. Bauerlein, Biomineralization of unicellular organism: an
unusual membrane biochemistry for the production of inorganic
nano- and microstructures. Angew Chem. Int. Edn 42, 614–641
(2003)
6. C.E. Hamm et al., Architecture and material properties of diatoms
shells provide effective mechanical protection. Nature 421,
841–843 (2003)
7. R. Asada, M. Okuno, K. Tazaki, Structural anisotropy of biogenic
silica in pennate diatoms under Fourier transform polarized
infrared spectroscopy. J. Mineral Petrol. Sci. 97, 219–226 (2002)
8. N. Almqvist et al., Micromechanical and structural properties
of pennate diatom investigated by atomic force microscopy.
J. Microsc. 202, 518–532 (2001)
9. V. Bansal, A. Ahmad, M. Sastry, Fungus-mediated biotransfor-
mation of amorphous silica in rice husk to nanocrystalline silica.
J. Am. Chem. Soc. 128, 14059–14066 (2006)
10. F. Inagaki, Y. Motomura, S. Ogata, Microbial silica deposition in
geothermal hot waters. Appl. Microbiol. Biotechnol. 60, 605–611
(2003)
11. M. Kastner, The Oceanic Lithosphere (Wiley, New York, 1981)
12. E. Dujardin, S. Mann, Bio-inspired materials chemistry. Adv.
Mater. 14, 775 (2002)
13. E.G. Vrieling, T.P.M. Beelen, R.A. van Santen, W.W.C. Gieskes,
Nanoscale uniformity of pores in diatomaceous silica: a com-
bined small and wide angle X-ray scattering study. J. Phycol. 35,
1044–1053 (2003)
14. E.G. Vrieling, T.P.M. Beelen, R.A. van Santen, W.W.C. Gieskes,
Diatoms silicon biomineralization as an inspirational source of
new approaches to silica production. J. Biotechnol. 70, 41–53
(1999)
15. Q. Sun, E.G. Vrieling, R.A. van Santen, N.A.J.M. Sommerdijk,
Bioinspired synthesis of mesoporous silicas. Solid State Mater.
Sci. 8, 111–120 (2004)
16. R.C. Dugdale, F.P. Wilkerson, Silicate regulation of new pro-
duction in the equatorial Paciﬁc upwelling. Nature 391, 270–273
(1998)
17. R.E. Hecky, K. Mopper, P. Kilham, E.T. Degens, The amino acid
and sugar composition of diatom cell-walls. Marine Biol. 19, 323
(1973)
18. N. Kroger, S. Lorenz, E. Brunner, M. Sumper, Self-assembly of
highly phosphorylated silafﬁns and their function in biosilica
morphogenesis. Science 298, 548 (2002)
19. K. Shimizu, J. Cha, G.D. Stucky, DE Morse, Silicatein a:
cathepsin L-like protein in sponge biosilica. Proc. Natl. Acad.
Sci. 95, 6234 (1998)
20. C.C. Perry, T. Keeling-Tucker, Model studies of colloidal silica
precipitation using biosilica extracts from Equisetum telmateia.
Colloid Polym. Sci. 281, 652 (2003)
21. A.L. Derry, C.A. Kurtz, K. Ziegler, A.O. Chadwick, Biological
control of terrestrial silica cycling and export ﬂuxes to water-
sheds. Nature 433, 728–730 (2005)
22. E. Eipstein, The anomaly of silicon in plant biology. Proc. Natl.
Acad. Sci. USA 91, 11–17 (1994)
23. T.P. Ding, G.R. Ma, M.X. Shui, D.F. Wan, R.H. Li, Silicon
isotope study on rice plants from the Zhejiang province. China.
Chin. Chem. Geol 218, 41 (2005)
24. B.G. Suryawanshi, S.S. Patil, B.N. Patil, Studies on the chemical
composition of sugarcane tops. J. Maharashtra Agric. Univ. 28,
50–51 (2003)
Table 3 Percent crystallization in particles SiO2 synthesized with
bioprocess and without bioprocess
Sample Crystallization (%)
With bioprocess Without bioprocess
500C 700C 500C 700C
Rice husk 28.47 16.69 0.000 1.910
Sugarcane bagasse 10.42 9.190 76.12 13.71
Coffee husk 15.73 25.82 58.28 17.36
In this table is presented an estimative obtained for low curve areas in
the peaks of XRD. These percents shows the contribution than the
temperature of calcination and the bioprocess have on the crystalli-
zation of nanoparticles of SiO2
1416 Nanoscale Res Lett (2010) 5:1408–1417
12325. A. Pandey et al., Biotechnological potential of coffee pulp and
coffee husk for bioprocesses. J. Biochem. Eng. 6, 153–162 (2000)
26. J.A. Raven, The transport and function of Silicon in plants. Biol.
Rev. 58, 179–207 (1983)
27. L.H.P. Jones, K.A. Handreck, Silica in soils, plants and animals.
Adv. Agron. 19, 107–149 (1967)
28. C.A. Edwards, Lofty Jr, Biology Earthworms, 2nd edn. (Chapman
and Hall, London, 1977)
29. K.E. Lee, Earthworms. Their Ecology and Relationships with
Soils and Land Use (Academic Press, Australia, 1985)
30. A.C. Edwards, E.K. Fletcher, Interactions between earthworms
and microorganisms in organic-matter breakdown. Agric. Eco-
systems Env. 24, 235–247 (1988)
31. Laverack, The physiology of earthworms. Int. Ser. Monogr. Pure
Appl. Biol., Zool 15, 206 (1963)
32. J.C. Went, Inﬂuence if earthworms on the number of bacteria in
the soil, in Soil Organisms, ed. by J. Koeksen, J. van der Drift
(North Holland Publishing Company, Amsterdam, 1963)
33. J.N. Parle, Microorganisms in the intestines of earthworms. J.
Gen. MIcrobiol. 31, 1–11 (1963)
34. O. Atlavinyte, J. Daciulyte, A. Lugauskas, Correlation between
the numbers earthworms microorganisms and vitamin B12 in soils
fertilized with straw. Liet. TSRA Mokslu Akad. Darb. Ser. B 3,
43–56 (1971)
35. P. Treguer et al., The silica balance in the World Ocean: a
reestimate. Science 268, 375–379 (1995)
36. Y.B. Del Amo, The chemical form of dissolved Si taken up by
marine diatoms. A.M. J. Phycol. 35, 1162–1170 (1999)
37. V.S. Patwardhan, J.S. Clarson, Siliciﬁcation and biosiliciﬁcation
part 6. Poly-L- histidine mediated synthesis of silica at neutral pH.
J. Inorg. Organomet. Poly. 13(1), 50–53 (2003)
38. T. Coradin, O. Durupthy, J. Livage, Interaction of amino-con-
taining peptides with sodium silicate and colloidal silica: a bio-
mimetic approach of siliﬁcation. Langmuir 18, 2331–2336 (2002)
39. T. Coradin, C. Roux, J. Livage, Biomimetic self activated for-
mation of multiscale porous silica in the presence of arginine-
based surfactants. J. Mater. Chem. 12(5), 1242–1244 (2002)
40. G. Baluais, Y. Caratini. Medium purity metallurgical silicon and
method for preparing same. Patent US7404941 assigned to Fer-
ropem. 2005
41. Aerosil R-Manufacture, properties and applications, Technical
Bullettin Pigments (N. 11, Degussa-Huls AG, Germany, 2002)
42. A.A.J. Sales, C.G. Petrucelli, E.V.J.F. Oliveira, C. Airoldi, Some
features associated with organosilane groups grafted by the sol–
gel process onto synthetic talc-like phyllosilicate. J. Collod. Inter.
Sci. 297, 95–103 (2006)
43. H.M. Lim, F.C. Blanford, A. Stein, Synthesis and characteriza-
tion of a reactive vinyl-functionalized mcm-41: probing the
internal pore structure by a Bromination reaction. J. Am. Chem.
Soc. 119, 4090–4091 (1997)
44. J.B. Melde, J.B. Johnson, T.P. Charles, Mesoporous silicate
materials in Sensing. Sensors 8, 5202–5228 (2008)
45. X. Gao, E.R. Jensen, W. Li, J. Deitzel, H. Mcknight, W.J.
Gillespie Jr., Effect of ﬁber surface texture created from silane
blends on the strength and energy absorption of the glass ﬁber/
epoxy interphase. J. Compos. Mater 42, 513 (2008)
46. M. Sumper, N. Kroger, Silica formation in diatoms: the function
of long-chain polyamines and silafﬁns. J. Mater. Chem. 14, 2059–
2065 (2004)
Nanoscale Res Lett (2010) 5:1408–1417 1417
123